In this study, consumption of energy due to pavement structural response through viscoelastic 3 deformation of asphalt pavement materials under vehicle loading was predicted for 17 field 4 sections in California by using three different models. Calculated dissipated energy values were 5 converted to excess fuel consumption (EFC) to facilitate comparisons under different traffic 6 loads (car, SUV, and truck) and speeds and different temperature conditions. The goal of the 7 study was to compare the different modeling approaches and provide first level estimates of EFC 8 in preparation for simulations of annual EFC for different traffic and climate scenarios as well as 9 different types of pavement structures on the California state highway network. Comparison of 10 the predicted EFC for all test sections showed that all three models produced different results 11 which can be attributed to the differences in the three modeling approaches. However, 12
Coleri et al. 2  3 Pavements can influence the fuel efficiency and greenhouse gas (GHG) emissions of vehicles 4 through three mechanisms which together can be called the pavement related rolling resistance. 5
INTRODUCTION 1

Pavement Related Mechanisms Affecting Vehicle Fuel Efficiency
Models for these mechanisms are needed for use in pavement decision-making in California. 6
The pavement influences can be summarized as follows (1): 7 8
1. Consumption of energy through the working of shock absorbers, drive train components, 9
and deformation of tire sidewalls as the wheels pass over deviations from a flat surface 10 with wavelengths up to 50 m in the wheelpath (called roughness)-converting 11 mechanical energy into heat which is then dissipated into the air-and thus requires 12 greater work by the engine. This mechanism is managed by maintaining smoother 13 pavement as measured by IRI. Models for this mechanism are well established and have 14 been empirically validated and calibrated. 15 2. Consumption of energy through viscoelastic working of the tire rubber in the 16 tire/pavement contact patch as it passes over positive macrotexture of the pavement 17 surface and converts it into heat that is dissipated into the tire and the air. Positive 18 macrotexture is caused by stones or grinding/grooving features protruding above the 19 average plane of the pavement surface. This is typically of lesser importance than 20 roughness for macrotexture levels typical in California, and is determined by design of 21 surface treatments, asphalt and concrete mixes and by concrete surface texturing. 22
Raveling on asphalt surfaces and matrix loss on concrete surfaces can increase 23 macrotexture after construction. Models for this mechanism are well established and 24 have been empirically validated and calibrated. 25 3. Consumption of energy in the pavement itself through viscoelastic deformation of 26 pavement materials under passing vehicles, primarily heavy trucks, which has also been 27 modeled in terms of the geometric relationship between the shape of the deflected 28 pavement under the wheel and the wheel itself. After the selection of test sections, section characteristics were determined by conducting falling 14 weight deflectometer (FWD) tests. Three loads (22.2, 35.6 and 53.4 kN) and two repetitions for 15 each load were applied. These load levels are chosen to simulate the deformation that can be 16 created by light and heavy vehicles. In order to estimate the viscoelastic properties of the non-17 elastic layers, the full time history of the deflection was collected. An example FWD test result 18 (PD-13 -Day time) for the 35.6 kN load level is given in Figure 1 . 19 Each test section had 100 test points evenly spaced along the sections. For each section, two tests 1 were conducted, one early in the morning (3am to 7am) and the other one in the afternoon (12pm 2 to 3pm) in order to capture the temperature effect. 3 4
Temperature data (change in temperature with depth) were collected every 15 minutes at one 5 location at the end of the test sections. When temperature profile data could not be collected due 6 to lane closure limitations, they were estimated from measured surface temperatures using 7 BELLS temperature formulas. The temperature dependency of the asphalt mix is defined by using the Williams-Landel-Ferry 1 (WLF) equation, given as follows (10):
where 6 7 aT = the time-temperature shift factor, 8 C1 and C2 = regression coefficients, 9 Tref = the reference temperature, and 10 T = test temperature. 11 12
To optimize the regression coefficients C1 and C2, the shear modulus data were first fitted to a 13 sigmoid function, in the form of: 14 
Where P is the vehicle weight and Gi is the slope per unit distance and X is the tire-pavement 2 contact area. Same equation is also used for calculating dissipated energy for the MIT model. 3 4
The governing equations for viscoelastic wave propagation used in the MSU approach are 5 similar to any other wave propagation problems; the proposed solution begins with the classical 6 equation of motion for a continuous medium given as the following: 7 8 was done in such a way that the pavement system always carried the full load of the half-axle. As 28 a point on the pavement was loaded, the previous (adjacent) point was unloaded. When the peak 29 load was reached at a given loading point, the load was completely removed from the previous 30 loading point that same instant. Subsequently, all the responses were shifted and summed to 31 obtain the vertical deflection at the evaluation point due to a moving vehicle. 32 33
General The dynamic viscoelastic back-calculation program (DYNABACK-VE) developed as part of the 7 FHWA DTFH61-11-C-00026 project (15) was used to back-calculate the master curve E(t) for 8 the asphalt layers using the time histories of FWD sensor deflections at different temperatures. 9
The method uses a time domain viscoelastic solution as a forward routine (ViscoWave-II) and a 10 hybrid routine (DYNABACK-VE) using a genetic algorithm and modified Levenberg-Marquardt 11 method) for back-calculation analysis. The load parameters used for OSU and MSU models are given Table 3 . Since the MIT model is 13 a viscoelastic beam on an elastic foundation, tire pressure is not used in the analysis. Instead, 14 axle loads shown in Table 3 Figure 3 shows an example deflection output for the section PD-16 for the truck model. In  7 general for all models, deflection basins from MSU and OSU show similar trends and peaks that 8 are close to each other while the deflection basins calculated by the MIT model are different in 9 shape and magnitude due to the difference in model features (the viscoelastic beam type model 10 subjected to a dynamic load). However, it should be noted that MIT model is calibrated at the 11 fuel consumption level (related to the slope at tire-road contact trajectory and not related to the 12 deflection). Hence the deflection basins shown in Figure 3 are not calibrated quantities and thus 13
would not represent the pavement deflection and are shown only for the sake of completeness. 14 Since the MSU model is an axisymmetric model, the shape of the deflection basin is different 15 from the non-axisymmteric OSU 3D finite element model .  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32 The MIT and MSU models calculated the dissipated energy based on a wheel moving up slope 6 on the side of the deflection basin. In the OSU model, stress, strain, and phase angle were 7 integrated over time to calculate dissipated energy in the pavement (5). Calculated dissipated 8 energy values by all three models were converted to energy required to make the vehicle move. 9
Finally, EFC (EFC, ml/km) for different vehicles, load levels, and speeds were calculated by 10 dividing the calculated dissipated energy (MJ/km) by the calorific value of the fuel (MJ/L). Comparison of the predicted EFC for all test sections showed that OSU, MIT, and MSU models 6 produced different results. EFC for OSU and MSU models can be considered to be closer while 7 the MIT model generally predicts a lower EFC. However, observed trends and rankings change 8 for different sections. The primary differences between the MIT model and the other two models 9
are that it assumes deflection of a continuous beam and it does not shear energy dissipation. The 10 current version of the MIT model is also intended to be simplified for producing fast calculations 11 to be used in practical applications, and hence has been noted by the authors to inherently require 12 calibration. To date it has been calibrated with two theoretical cases produced from the finite highways can result in significant total car-SUV related EFC in a network level prediction. 22 23 Figure 6 shows the effect of vehicle speed on calculated EFC for trucks. In general, changing 24 speed from 100km/h to 50km/h creates a 5% to 35% increase in EFC. Although speed is an 25 important factor affecting the calculated EFC, its effect is less significant when compared to the 26 effects of vehicle type (load effect) and temperature. 27 28 By comparing Figure 6b and Figure 4a, In this study, consumption of energy due to pavement structural response through viscoelastic 3 deformation of asphalt pavement materials was predicted for 17 field asphalt surfaced sections in 4
California by using three different models. The results of this modeling effort will be used in simulations of annual EFC on the field test 41 sections using detailed traffic and pavement temperature hourly distributions. The differences 42 between pavements found in this study are generally of similar order of magnitude as differences 43 between moderately rough and smooth pavement, and the effects of very high macrotexture. effects of roughness and macrotexture. These models were used in simulations that are reported 1 in Reference (9). 2 3
Once calibrated and validated for the range of pavement included in the study, the full set of 4 models can be used in simplified form for pavement management assessment of the effects of 5 pavement rehabilitation and maintenance on vehicle fuel use and resultant pollutant emissions. 6
They can also be adapted for use in project-level evaluation of alternative designs. In any of 7 these applications agency life cycle cost must be considered in addition to road user cost and 8 environmental impacts. 9 10 ACKNOWLEDGMENT 11 12
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